Abstract: Negligence of former industrial sites (-brownfields‖) has adversely impacted urban landscapes throughout the industrialized world. Brownfield redevelopment has recently emerged as a sustainable land use strategy and impetus for urban revitalization. This study presents a system dynamics model of the redevelopment process that illustrates how delays compound before realizing financial benefits from investment in these core urban areas. We construct a dynamic hypothesis, in which brownfield redevelopment activities are dependent upon funding and in turn bolster tax base through job creation. Drawing on previous studies, barriers to brownfield redevelopment are explored, including fear of liability, regulatory concerns, and uncertain cleanup standards and funding mechanisms. We model a case study of redevelopment in the State of Michigan (USA), which is informed by data from the Department of Environmental Quality (MDEQ) and U.S. Conference of Mayors brownfield surveys. Stock-flow structures represent phases of redevelopment, with diverted streams for sites in which no contamination was found (false alarms) and those with excess contamination level. The model is used to examine the point at which cumulative tax revenues from redeveloped areas exceed cumulative expenditures on brownfield redevelopment under different levels of funding availability.
To frame this study, we outline a dynamic hypothesis of the brownfield redevelopment process, expressed as a causal map of the major feedback relationships among variables in the system [20] . The causal loop diagram illustrated in Figure 1 emphasizes the dependence of brownfield redevelopment on available funding. The stock of potential brownfields at left is reduced when availability of funding enables redevelopment to commence. Because costs are incurred over time in proportion to the area in redevelopment, the stock of brownfields in redevelopment creates a balancing (B1) loop by diminishing available funding. Once projects are completed, tax benefits from jobs created on the stock of redeveloped land accrue, completing a reinforcing (R1) feedback loop through an increase in funds available. A second reinforcing loop (R2) may be triggered if the experience from redevelopment projects enables future projects to be streamlined in terms of shorter completion times. However, as discussed in the sections that follow, a number of barriers may act to further delay or stall redevelopment projects.
Background
Brownfield redevelopment is a regional endeavor to ameliorate historical problems that have troubled inner cities for decades. The failure to reuse and redevelop contaminated urban lands has become a major concern for many municipalities. Research on the dynamics of brownfield redevelopment emphasizes the need to shift redevelopment incentives away from -greenfields‖ (undeveloped sites at the urban periphery) and towards core urban brownfields.
Public awareness of the brownfield problem has grown as empirical estimates of the number of brownfields in the United States have expanded to between 500,000 and 1 million sites [21] . The mid-1980s saw a shift in planning and policymaking attention towards measures designed to improve the quality of life in urban areas by transforming underutilized land [22, 23] , with the US Environmental Protection Agency [24] aiming to -empower states, communities, and other stakeholders in economic development to work together in a timely manner to prevent, assess, safely clean up, and sustainably reuse brownfields.‖ Although brownfields can be found almost anywhere, they commonly occur in the urban core areas of major cities. Observations of urban growth patterns across the nation have shown an exodus of capital and population away from major downtown areas during the last several decades [25] . Downtown areas of major industrial cities such as St. Louis and Detroit have suffered significantly as relocating entities settle in suburban greenfields which are easily cleared for new development and contain no actual or perceived contamination. For these historically industrial cities, brownfield redevelopment is one of several methods currently sought to revitalize the economic and environmental health and viability of the urban core [1] .
U.S. law distinguishes between extremely contaminated sites and sites possibly contaminated with low levels of ordinary, non-hazardous waste. Hazardous sites are federally governed by CERCLA, and its 1986 amendments, the Superfund Amendments and Reauthorization Act (42 U.S.C. §9601 et seq.). CERCLA law taxed chemical and petroleum industries and provided broad Federal authority to respond directly to releases of hazardous substances that posed a threat to public or environmental health. Over five years (1980) (1981) (1982) (1983) (1984) (1985) , $1.6 billion was collected for a trust fund targeted at cleaning up abandoned or uncontrolled hazardous waste sites (commonly called the Superfund). A major goal of CERCLA is to initiate -long term remedial response actions that permanently and significantly reduce the dangers associated with releases or threats of releases of hazardous substances [3] ,‖ on the contaminated sites that comprise the National Priorities List (NPL). In 2002, approximately 1,300 Superfund sites were listed on the NPL, indicating that they contain toxic waste or dangerous heavy metals such as lead or mercury [4] .
Most brownfield sites have relatively low levels of contamination when contrasted with Superfund sites. As such, most sites are not governed directly by CERCLA, but rather fall under the jurisdiction of state Superfund laws often modeled after CERCLA that contain similarly strict liability provisions [8] . Each state has different types of cleanup standards, procedures for identifying sites and provisions for apportioning liability.
Barriers to Brownfield Redevelopment
Studies of brownfield redevelopment highlight a critical conflict created by state and federal legislation [1] . While governments focus on revitalizing contaminated urban lands into areas that provide economic benefit the surrounding community, the same governments attempt to promote public health by enacting strict environmental regulations that increase liability risks for stakeholders interested in redeveloping a contaminated area. These sometimes contradictory goals slow revitalization in areas with questionable economic viability. Brownfield sites with even small amounts of contaminants may still be extremely challenging to remediate. Benefits of redeveloping brownfields take time to accrue, and are often discounted relative to immediate costs.
A survey of respondents from major American cities identified the most frequent barrier to brownfield redevelopment as lack of clean-up funds (87 percent of respondents), followed by the need for environmental assessments (61 percent), and liability issues (54 percent [9] ). Both McCarthy [4] and Wernstedt [26] advocate governmental responsibility for rigorous studies of the future marketability of brownfield sites as well as social cost-benefit analyses of brownfield redevelopment alongside participatory dialogues with the community.
McCarthy [4] states that brownfield redevelopment presents a -dual policy challenge,‖ in that barriers to private-sector redevelopment of brownfields must be reduced while encouraging the connection of brownfield reuse to the broader goals of the community. This policy challenge requires recognizing and reducing uncertainties surrounding barriers to redevelopment such as liability provisions, cleanup standards (and challenges in carrying out environmental assessments), funding opportunities, and legal regulations [9] . Attempts to remove barriers to redevelopment must not conflict with protection of the environmental and economic health of local residents.
Liability Concerns
Stakeholders interested in redevelopment must be aware of the potential liability problems associated with a brownfield site. In the past, U.S. law (both federal and state) has held that anyone working with contaminated sites can be held liable for all cleanup costs, thus prompting business owners and potential developers to avoid abandoned industrial sites, even if contamination problems are relatively minor. Uncertainty regarding site ownership (ownership that is unknown, divided, etc.) further complicates the process of determining site cleanup liability. Liability concerns often lower site land values and divert capital away from brownfield areas, limiting prospects for redevelopment [1, 27] .
Liability as a disincentive for redevelopment has been well documented by the banking industry, where loan officers often require costly environmental assessments to ensure that by providing a mortgage the bank cannot be held liable under the same strict liability logic placed on other developers [28] . A 1990 American Bankers Association survey found that 62.5% of U.S. lending institutions had rejected loan applications solely because of the possibility of environmental liability [29] . Liability concerns have also forced many industrial site owners to stop placing old sites on the market in order to avoid discovery of contamination that might force them to initiate an expensive remediation program.
Under CERCLA (and similarly worded state laws), liability for property contamination may be imposed on the owner of property based solely on his or her status as property owner. U.S. common law imposes strict liability where a person undertakes an -ultra-hazardous‖ or -inherently dangerous‖ activity (Nurad, Inc. v. W.E. Hooper & Sons, Inc., 966 F.2d 837, 1191, 10th Cir. 1997). Courts have concluded that storage of hazardous substances can constitute an inherently dangerous activity. Therefore, under CERCLA, -a property owner may be held responsible for remediation of property even if the environmental condition was in existence prior to the current owner's purchase of the property ( [28] , pg. 10).‖ Concurrently, CERCLA imposes joint and several liability on individuals or entities identified as partial brownfield owners. This type of liability holds that where the conduct of two or more persons combines to create an indivisible harm, either defendant can be held responsible for the entire harm (Wisconsin Natural Gas Co. v. Beginning in the 1990s, many state and federal agencies made attempts to mitigate the barrier of liability in brownfield redevelopment. The command and control logic that drives Superfund cleanups has been more recently replaced in brownfield programs with voluntary agreements backed by grants and tax credits. In these cases, funding is based on incentives rather than punitive liability schemes [30] .
Many states have created State Voluntary Cleanup Programs (VCPs) intended to expedite assessment, remediation and redevelopment by allowing private parties to voluntarily investigate and remediate a property while receiving some level of protection from future state enforcement action [4, 31] . On the federal level, the EPA has attempted to calm fears of federal action by entering into Superfund Memoranda of Agreement (MOAs) with individual states. MOAs create agreements to refrain from direct federal involvement at sites utilizing VCPs. The critical problem from a federal and state governmental perspective is achieving a liability balance which encourages redevelopment while ensuring that sites are adequately remediated and do not pose a danger to public and environmental health.
Complex Web of Regulation
Compliance with federal, state and local remediation regulations can involve substantial time and financial costs, thus creating another major barrier to redevelopment. This process is complicated by a lack of information or database integration among the different levels of regulatory oversight agencies. Most local and state Geographic Information System (GIS) programs have not integrated brownfield maps into their databases or websites [7, 32] . In a survey of 231 cities, 57% indicated that they held brownfield redevelopment partnerships with their county or state governments [33] . These partnerships are not necessarily archived in any widely accessible database that would facilitate regional brownfield redevelopment. One suggested way of managing the complex, redevelopment regulatory framework is to establish local brownfield redevelopment authorities that could act as major points of contact for information and financial assistance [34, 35] . However, disagreement exists as to whether or not this entity would function in the private or public sector [4] .
Uncertain Cleanup Standards
Another major barrier to redevelopment is induced by unclear environmental remediation standards. State and federal regulators require remediation within thresholds of contamination that varies in accordance with the anticipated future use of the site. Sites whose future function will remain industrial may require less remediation than sites slated for residential or open space use by young children or other individuals that would be endangered by residual levels of contamination. For example, contaminated groundwater requires remediation to drinking water standards before it leaves the property and enters wells used for drinking, showering, and cooking [4] . The failure of state and federal agencies to determine widespread cleanup standards and the complex and interconnected legal nature of federal and state agency involvement in redevelopment coordination compound barriers to brownfield redevelopment.
Availability of Funding
The most frequently cited barrier to brownfield redevelopment is lack of funding, a constraint compounded by uncertainty surrounding the possible cost of environmental assessments and remediation [36, 37] . Significant financial investment is required to remediate areas to the extent required by law [9, 38] . Thus, many private investors require assistance from lending institutions, insurance firms and government agencies [4] . In fact, all 12 major federal brownfield revitalization programs reviewed by the Washington University in St. Louis [39] included new grant or loan programs to assist with brownfield redevelopment. Many individual state and local governments also attempt to provide grants, loans, loan guarantees and tax credits to stimulate redevelopment. Although redevelopment funding increased in the mid-1990s, so did the number and variety of funding organizations (e.g., state agencies, EPA, Department of Housing and Urban Development [HUD], etc.), thus increasing the complexity in securing multiple loans and grants for redevelopment.
More recent federal efforts include the 2001 passage of the Small Business Liability Relief and Brownfields Revitalization Act (Public Law 107-118), which provides support for state and local efforts to assess, remediate, and redevelop brownfields by redirecting more public and private resources towards redevelopment. State government involvement has also increased: between 1993 and 1998, state-level brownfield redevelopment programs grew from 14 to 44, with increasing emphasis on economic redevelopment following remediation [40] . Heightened complications in securing funds have also confronted investors in recent years as regulatory systems governing brownfield redevelopment vary throughout the country, making fund acquisition complicated from both a local and regional perspective.
Should redevelopment funds be focused on areas that suffer from higher contamination or should they be channeled specifically to brownfields in locations that are more economically viable? McCarthy [4] describes a common strategy in which redevelopment funds are channeled towards high profile brownfields with strong prospects for successful reuse in an attempt to trigger a -domino effect‖ of revitalization. However, this strategy neglects the large number of non-economically viable sites in dilapidated communities where many brownfields have little or no market value and negative images of crime drive a vicious cycle of economic hardship. This type of positive feedback has become prevalent in many cities such as East St. Louis, IL where negative perceptions surrounding crime and economic viability have caused an exodus of social and financial capital which, over time, has amplified negative perceptions of crime and economic hardship, leading to a further drain of capital [39] .
The practice of avoiding the lowest market value parcels commonly excludes disadvantaged neighborhoods from redevelopment programs. This behavior may widen inequalities between wealthier and poorer neighborhoods thus undermine the basis of inner-city revitalization [41] . Given this situation, there are currently few strategies for remediating and redeveloping economically non-viable sites even if site redevelopment is socially desirable [41] .
Michigan Brownfield Redevelopment Policy
The State of Michigan has led an aggressive environmental cleanup effort since the 1970s, spending more than $830 million to clean up contaminated brownfield sites [42] . Since 1995, numerous and extensive state policies have attempted to address many of the criticisms of federal brownfield redevelopment legislation. Several groups have argued that Michigan's redevelopment efforts and policies have established the state as a model for the country [11, 43] , and have created a viable real estate market for brownfield land [42] . Much of this redevelopment effort has occurred through a combination of brownfield tax credits, tax increment financing, site assessment services, and redevelopment grants and loans [11, 43] . Hula [44] provides a thorough discussion of the numerous Michigan redevelopment policies and programs, categorizing these efforts into four parts that address the barriers described above: liability protection, increased reliance on voluntary/private action, flexible cleanup standards, and public funding.
In 1995, the State of Michigan passed major amendments to Part 201 of the Michigan Natural Resources and Environmental Protection Act (Act 451-1994-II-7-201), the State's primary environmental remediation statute, which defines brownfields and creates a full list of current brownfields in the State. In 2000, the Michigan legislature expanded the legal definition of brownfield to include -functionally obsolete‖ buildings in a set of Michigan core cities, leading to the possibility that a site may be treated as a brownfield, even in the absence of contamination [42] .
The most fundamental contrast between Michigan and U.S. federal policy relates to liability provisions. Michigan deviates from federal liability treatment by requiring new owners of potential brownfields to perform baseline environmental assessments (BEAs) of existing site contamination levels. Figure 2 depicts historical data for the annual and aggregate BEAs requested in Michigan since the 1995 legislation. While former owners remain liable for this initial site contamination, new owners only assume liability for contamination beyond what is reported in the BEA. This updated stance on liability in Michigan's current law creates an affirmative responsibility of landowners to proactively identify and remediate contaminated sites. To avoid liability, new owners of potentially contaminated property in Michigan are required to perform a baseline environmental assessment (BEA) to gauge existing contamination levels of their property. An unexpected benefit of the BEA process has been identifying sites where contamination was less than anticipated, allowing these sites to be placed back on the private market [42] . The BEA process also provides liability protection with dramatically lower transaction costs than under Michigan's former, CERCLA-style legal framework. The state also created alternative revenue streams for redevelopment including local brownfield authorities (BRAs) and the Clean Michigan initiative. BRAs are granted fiduciary powers to help redevelop sites, including the ability to capture tax increases from redevelopment and offer tax credits for redevelopment. In 1998, voters approved the Clean Michigan bond referendum, which directed $335 million towards brownfield remediation. MDEQ has taken action at nearly 1,800 sites. Although total expenditures are only reported cumulatively, the Michigan Department of Environmental Quality has identified a need of $90-100 million per year to provide a continuing level for the cleanup and redevelopment program that includes addressing orphan sites and redevelopment needs [45] .
Modeling the Redevelopment Process
This section describes a model to represent central dynamics of the brownfield redevelopment process. The model simulates the process of redevelopment as it occurs through different phases and delays associated with brownfield remediation. The EPA delineates the brownfield redevelopment process according to three primary phases: (I) site assessment and due diligence, (II) site investigation, (III) development of remedy plan, remedy implementation, and redevelopment activities [46] . A simplifying assumption for the system dynamics model is that the development of a plan of remediation takes place during the Phase II site investigation. The brownfield remediation process is typically performed by environmental consulting agencies with experience in dealing with dangerous contaminants.
Phase I of brownfield redevelopment typically represents site assessment, involving an initial screening to explore owner records and site history, extent of contamination, and possible legal and financial risks. If no apparent contamination, health or environmental risks are found, redevelopment activities may begin immediately. If environmental engineering metrics reveal the site to contain extremely high levels of contamination, a reassessment of the project's viability may be necessary. Phase I site assessment also includes due diligence for -preliminary cost estimates for property purchase, engineering, taxation and risk management ( [46] , p. 8).‖ Due diligence further involves a study of the market viability of the proposed redevelopment project.
A Phase II site investigation involves chemical sampling of the site to improve understanding of the contamination. If this investigation reveals no significant sources of contamination, redevelopment activities may commence immediately. If the Phase II site investigation reveals a manageable level of contamination it is next possible to evaluate possible remedial alternatives. If no feasible remedial alternatives are found, the project's viability must again be reassessed. Otherwise, the next steps are to select an appropriate remedy, develop a remedy implementation plan, and implement it (Phase III).
The stock-flow structures in Figure 3 reveal an ‗aging chain' structure for phases of redevelopment, with a sequence of stocks simulating a progression of states over time [20] . The process of brownfield redevelopment flows between stocks from left to right, with the undeveloped stock of brownfields at the left-most side of Figure 3 . The structure in Figure 3 includes the reinforcing feedback effects outlined in Figure 1 . The base run centers on the balancing loop B1, which operates by stopping new brownfield projects if no funding is available. Correspondingly, the base run in Figures 4-9 and sensitivity analysis in Figure 10 reflect the cascading delays of the aging chain stock-flow structure. Note that the reinforcing feedback loops R1 (plowback tax fraction) and R2 (learning curve) are only explicitly added and explored in the analyses presented in Figures10-14. The average duration of Phase I (site assessment) is two months. As the site assessment process addresses uncertainty about potential contamination, a rejection rate outflow is specified for sites that are too highly contaminated to address with the given resources, and for sites that are actually uncontaminated, ready for redevelopment without remediation. Brownfields rejected from Phase I accumulate in a separate stock (Figure 3, top) of areas where contamination is too high for project stakeholders to manage. We assume that most (90%) of the brownfield area in Phase I continues on to Phase II (site investigation), over a delay time of 12 months. As with the outflows from Phase I, we also assume that the baseline rejection rate from Phase II is 5% for additional contamination found, as well as 5% for false alarms (no contamination found). The highly contaminated areas identified in Phase I and II are removed from the brownfield redevelopment process and potentially reclassified as Superfund sites. A delay time of 30 months is assumed for Phase III of brownfield redevelopment, which includes remedy plan development, remedy implementation, and redevelopment activities. Phase delay estimates are broadly consistent with the EPA's estimates [46] .
Parameters for average site size and the initiation rate of brownfield redevelopment projects are based upon estimates from the MDEQ and from a recent survey of over 200 cities across the nation [9] . Because the parcel area of brownfield sites is not individually tracked in the MDEQ's Part 201 database, Adelaja et al. [11] divided the state into five regions, sampled the Part 201 database, and verified the area of 618 known brownfield sites from tax assessment data. The mean site area across this sample is 18 acres (7.28 ha), which we use as our average site size assumption. This figure is broadly consistent with national estimates of ~13.9 acres/site (5.6 ha; [38] ). The model is parameterized such that the BEA flow rate in Michigan (Figure 2 ) sets the pace for initiating brownfield redevelopment, so long as project funding is available. If the budget stock is greater than zero, the average site area is multiplied by the BEA rate to determine a constant flow of brownfield development.
Downstream rates of redevelopment are encoded using a 3rd order delay from the upstream flow. The outflow from Phase I is thus determined by the rate of project initiation offset by the delay associated with activities in that phase. Likewise, the outflow from Phase II is determined by its rate of inflow, offset by the 12-month delay associated with that phase. The ripple effects of this structure are evident in a base run of the stocks and flows associated with each phase of brownfield redevelopment. Figure 4 represents the area in each phase of redevelopment. Figure 5 illustrates the flow rates for completion of Phases I, II, and III, as well as the construction rate on clean sites. The stock and flow dynamics simulated in Figures 4 and 5 demonstrate how a temporary constant flow of brownfield project initiation affects downstream phases of redevelopment. Toward the end of the 10-year (120-month) simulation horizon, another phase of project initiation begins. However, for most of the simulation, the new inflow valve is closed because so much funding is already allocated to brownfields in redevelopment that the budget is depleted and a deficit exists.
In this model, project cost is a proxy for liability concerns. Available funding thereby mitigates the liability of redevelopment. Estimated project costs are prorated over the expected project duration, as the sum of delays from Phases I, II, and III. Figure 6 shows how costs are incurred for brownfields in each of the three phases of redevelopment, allowing for a budget deficit so as to complete work on projects underway. In the base run, the budget stock is replenished with an inflow of $200 million every 12 months, consistent with the federal 2001 Brownfields Revitalization and Environmental Restoration Act, but double the estimated $90-100 million annual brownfield funding for the state of Michigan. Even so, the dynamics in Figure 7 reveal that as expenditures are incurred during the period of redevelopment, the budget enters a deficit, preventing new projects from beginning.
Redeveloped property bolsters the tax base with jobs created from the redevelopment process. Specifically, redeveloped acres translate to job creation through a multiplier of 7.4 jobs per acre, derived from the US Conference of Mayors [9, 38, 47] . The average public cost per job created through redevelopment has been estimated at $14,000 by a number of studies [35, [48] [49] [50] . Although this cost is a barrier, if jobs are sustained on the redeveloped land, governments collect tax revenues over time that offset the investment required.
A growing number of jobs create a tax inflow based upon estimates of average tax revenue generated by brownfield redevelopment [9, 38, 47] . This inflow is integrated into the overall tax base. The impact of the brownfield redevelopment process on cumulative tax benefits and expenditures is illustrated in Figure 8 . A breakeven point is realized where tax revenue exceeds cumulative expenditures. However, this juncture is not reached until after 82 months into the simulation, almost 7 years after the first projects began. As redeveloped area increases, the second-order effects evident in the slope of increasing tax revenues imply a shorter additional time (approximately 2 years) to double cumulative expenditures. These expenditures level off as projects are completed before the breakeven point, at which point revenues catch up with expenditures, as illustrated in Figure 8 . To examine the breakeven point, sensitivity tests are performed for variations in funding ( Figure 9 ). Although the breakeven time occurs earlier for lesser amounts of annual funding, delays inherent in the redevelopment process still result in at least 6 years before simulated benefits begin to outweigh the costs, even when funding is reduced to $500,000/year (versus $200,000,000/year in the base run). Conversely, greater amounts of annual funding result in slightly longer delays to break even-nearly 86 months, just over 7 years, for annual funding at $300 million. This positive association between funding and time to breakeven is contingent upon the funding mechanism modeled. With a greater influx of funds, the budget stock takes longer to deplete, enabling the temporary, constant BEA rate of project initiation to continue for a longer period of time. Once a deficit is reached, the large number of projects in redevelopment induces costs over a period of time that extends the duration of the deficit beyond that of lesser-funded scenarios. Regardless of funding level, doubling time is consistently shorter than time to breakeven, highlighting the nonlinear accumulation of economic benefits from brownfield redevelopment projects. The base run presented in Figures 4-8 above assumes that none of the tax revenue is returned to the budget, although the potential for so doing is analyzed in the breakeven analysis shown in Figure 9 . Figure 10 below illustrates the range of outcomes from a sensitivity test of variation in the -plowback‖ fraction of tax revenue that is allocated to the budget of funding available for redevelopment. As the allocated tax fraction (TF) increases, the area redeveloped also increases, although effects diminish after a TF of 0.6. Non-zero TF values activate the reinforcing feedback (loop R1 in Figure 1 ) of funding from the delayed availability of redeveloped land, while the case of no taxes returned to the budget is equivalent to the base run, representing only the balancing feedback (loop B1 in Figure 1 ) during periods of deficit. While the plowback effect is significant, its impact does not register until a sizeable amount of land is put to productive use, thereby employing workers who contribute to the tax base. Note that the time scale in Figure 10 shifts to 20 years, double the horizon examined in the base run of Figures 4-8 .
Figure 10. Sensitivity test of plowback tax fraction (TF).
Because the variation in outcomes simulated in Figure 10 diminishes after a plowback tax fraction (TF) of 0.6, the TF range from zero to 0.6 was chosen for sensitivity testing of the plowback effect under a moderate learning curve. While the plowback effect is represented by reinforcing loop R1 in our causal map (Figure 1) , the learning curve from experience with redevelopment is represented by loop R2. The results of this sensitivity testing in comparison with the base run, which completes loop B1, are illustrated in Figure 11 for a moderate learning curve in which project completion time is reduced according to a graphical function (scenario B in Figure 12 ) that maps experience to a reduction in redevelopment delay time.
While Figures 10 and 11 demonstrate effects upon the stock of land area redeveloped, Figure 12 demonstrates the effects that the learning curve and plowback fraction have upon the rate of brownfield project completion. Over the 20-year horizon, oscillations in the completion rate are apparent in the base run (TF 0), which reflects the balancing feedback (loop B1). An additional cycle is introduced with the learning curve effect (loop R2). Two more scenarios that include the plowback effect at TF 0.3 (loop R1) reach a higher steady state completion rate than those without plowback. The value at which these rates plateau is determined by the constant inflow of new brownfield redevelopment projects, approximated by the rate of BEAs received annually in the state of Michigan (see historical behavior in Figure 2 ). The results in Figure 12 demonstrate that the learning curve accelerates completion rate and that the plowback fraction increases completion capacity further via increased funding for redevelopment. Funding comes from both internal tax revenue and external funding, the latter simulated as annual inflows to the budget in the base run (see Figure 7) . The learning curve is specified using the graphical functions mapped in Figure 13 . Normalized experience, plotted on the x-axis in Figure 13 , is determined as the cumulative completion of projects that have passed through Phases 1, 2, and 3, scaled by a constant value (in this case 20,000 acres, which approximates the amount of redeveloped land at the end of 10 years for the base run). As normalized experience approaches one (and beyond), the learning curve impact on redevelopment delay time approaches a constant value: 0.595 (A), 0.475 (B), or 0.360 (C). This fraction is multiplied by the Phase 3 delay time (set to 30 months in the base run) to determine the rate at which projects are completed. The three scenario conditions defined in Figure 13 were selected to be qualitatively distinct from each other and to approach different constant values as experience accumulates. Using the same legend for learning curves A, B, and C as depicted in Figure 13 , Figure 14 contrasts simulation results for these different scenarios alongside a no learning scenario under a plowback effect in which the tax fraction (TF) returned to the budget is 0.3. These outcomes are contrasted with the base run. As introduced in our causal map (Figure 1) , the base run reflects balancing loop B1, the learning curves correspond to reinforcing loop R2, and the plowback effect corresponds to loop R1. The impact of these differences in the effect of experience is primarily in the amplitude of the oscillation of redevelopment rates, although the strong learning curve (C) damps the oscillation by one cycle. 
Discussion and Conclusions
Using system dynamics to model dimensions of brownfield redevelopment leads to promising avenues of research and policy analysis. Examples of these include the implementation of a municipally controlled land bank that would initiate brownfield redevelopment soon after a property underwent tax foreclosure (see [41, 51] for more information). Models help to inform the debate on policies and funding mechanisms for brownfield redevelopment, bringing public and private stakeholders closer to a common goal of caring for urban spaces. This study outlines a conceptual framework and dynamic model of brownfield redevelopment that enables consideration of compounded delays from phases of the process, along with diverted redevelopment for sites found to be clean or too highly contaminated to be remediated with available resources. By representing redevelopment in the form of an aging chain, we seek to improve understanding about the momentum associated with the redevelopment process. Our emphasis on stock-flow dynamics, rather than feedback complexity, is consistent with studies of how these structures help to convey insight about system behavior to an audience of non-modelers [52, 53] .
Additional reinforcing and balancing feedback relationships from factors such as economic viability and liability concerns have been explored in earlier work simulating brownfield dynamics [54] , but the model presented herein is simplified for the sake of transparency. The central tension developed in our model involves the delay between when expenditures are incurred, and when tax benefits accrue from redevelopment. For this purpose, the formalization focuses first on the balancing feedback highlighted in B1 as project costs are incurred, deplete available funding, and preclude new redevelopments from starting.
In the implemented model, areas found to be highly contaminated are relegated to a separate stock, and do not complete the redevelopment process. Extensions of this analysis might treat highly contaminated areas as potential 'rework' in need of additional treatment, and funds, before completing the redevelopment process. Such dynamics are frequent in project dynamics models, whereby elements of larger projects, already thought to be finished, are found to be defective and must be re-completed [55] .
The model is formalized such that the budget stock can, and does, run a deficit as costs are project costs are incurred over the course of redevelopment, representing a commitment to completing redevelopment projects once they have begun. The existence of a deficit is consistent with the fiscal dilemma that states like Michigan have faced since enacting brownfield legislation in the mid-1990s. Because the purpose of the model is to improve understanding of the important delays impacting brownfield redevelopment dynamics, all stocks are initialized at zero. Non-zero initial values for redeveloped land, cumulative expenditures and revenues based upon empirical data for Michigan would render the breakeven analysis more plausible.
Project initiation approximates the rate of BEAs processed annually in Michigan (Figure 2 ), but is set to zero if the budget enters a deficit, consistent with the balancing feedback mechanism expressed in our dynamic hypothesis (loop B1 in Figure 1 ). Cumulative project expenditures are contrasted with cumulative tax revenue to assess the time to break even. With compounded delays based upon EPA redevelopment phase estimates, and additional time for construction on clean sites, breakeven time is 6-7 years across a range of annual funding levels.
After presenting the base run and breakeven analysis, we conducted several sensitivity tests under an extended simulation horizon to determine the impact of including reinforcing feedback effects to project starts (R1) and completions (R2) through tax revenue and learning, respectively. The plowback effect (R1) of increasing the tax fraction (TF) returned to the budget results in completion rates approximating the constant inflow of BEAs (Figure 2 ), so long as funding is available. Accelerated learning curves (R2) increase the amplitude of oscillation in the project completion rate.
Future brownfield modeling efforts at the scale of the municipality could examine losses to the tax base from household outmigration induced by the presence of brownfields in the area. In addition to job gains, redevelopment can slow or even reverse the exodus of people away from areas adjacent to former brownfield zones. Spatially explicit extensions of this research within a municipality could further examine the inverse reciprocal relationship between proximity to brownfields and economic viability of property. Further research should also consider the efficacy of representing brownfields with individual-based simulation techniques in which projects are geo-referenced and tracked throughout the redevelopment process. By studying the localized context of individual brownfields within a broad dynamic framework, municipalities enhance their capacity to respond to heterogeneous circumstances hindering redevelopment activity.
In spite of the flexibility offered by individual-based analysis, Hula and Bromley-Trujillo [42] argue that emphasis on the individual success of specific brownfield projects [56] overstates the overall impact of brownfield policies. They echo Simons and Jaouhari [57] , who call for improved evaluative measures of brownfield program success. Bacot and O'Dell [58] argue that brownfield redevelopment success is signified by property values, contamination levels, and private investment levels. However, these factors do not reflect rates of site redevelopment or changes in site conditions over time.
Quantification of site-specific factors such as economic viability, marketability and liability (especially as discussed by Tam and Byer [6] ) improves public and private evaluations of redevelopment projects. These quantifiable factors provide a means for calibrating models that capture more complex feedback dynamics than the model presented herein. Through simulation experiments, modeling enables testing of theories such as the dual-benefits of brownfield redevelopment for public and private stakeholders. Highlighting the tension between public and private perspectives, Adams et al. [1] note that the redevelopment -process becomes effective when it creates an institutional framework in which brownfield land is consistently seen as a source of strategic profit by the private sector and as a means of strategic policy delivery by the public sector.‖ Connecting brownfield redevelopment with broader community goals is difficult because it involves intangibles and externalities that extend beyond the cost-benefit analyses often utilized in planning. The social costs and benefits of brownfield redevelopment relate to issues of environmental justice, environmental quality and regional land use-issues that local governments cannot completely control. The alignment of brownfield redevelopment with smart growth initiatives and sustainable planning strategies creates novel funding opportunities. By anticipating intangible and future benefits through simulation, policy makers can better channel limited funding for brownfield redevelopment.
